Lymphatic remodeling in tumor microenvironments correlates with progression and metastasis, and local lymphatic vessels play complex and poorly understood roles in tumor immunity. Tumor lymphangiogenesis is associated with increased immune suppression, yet lymphatic vessels are required for fluid drainage and immune cell trafficking to lymph nodes, where adaptive immune responses are mounted. Here, we examined the contribution of lymphatic drainage to tumor inflammation and immunity using a mouse model that lacks dermal lymphatic vessels (K14-VEGFR3-Ig mice). Melanomas implanted in these mice grew robustly, but exhibited drastically reduced cytokine expression and leukocyte infiltration compared with those implanted in control animals. In the absence of local immune suppression, transferred cytotoxic T cells more effectively controlled tumors in K14-VEGFR3-Ig mice than in control mice. Furthermore, gene expression analysis of human melanoma samples revealed that patient immune parameters are markedly stratified by levels of lymphatic markers. This work suggests that the establishment of tumor-associated inflammation and immunity critically depends on lymphatic vessel remodeling and drainage. Moreover, these results have implications for immunotherapies, the efficacies of which are regulated by the tumor immune microenvironment.
Introduction
The aberrant growth of regional lymphatic vessels -often referred to as lymphangiogenesis or lymphatic hyperplasia -is associated with enhanced locoregional metastasis and poor outcome in many solid tumors including melanoma (1) . Lymphatic vessels contribute to tumor progression at least in part by actively facilitating metastatic dissemination to sentinel lymph nodes through a variety of mechanisms, both in primary tumors as well as at distal sites (2) . However, sentinel lymph nodes are also sites where antitumor immune responses can be generated, and thus lymphatic drainage from the tumor likely plays multiple and complex roles in tumor progression. To date, however, there is little understanding of how this communication pathway between tumors and sentinel lymph nodes contributes to the host immune response to the tumor and its progression.
Lymphatic vessels carry fluid and immune cells from peripheral tissues to draining lymph nodes (dLNs), where both components help shape immunity and maintain tolerance to self-antigens (3) (4) (5) . Without local lymphatic vessels and their associated drainage, peripherally activated dendritic cells (DCs) cannot traffic to the dLNs to activate immune responses (6) , and LN resident immature DCs are not exposed to lymph-borne self-antigens released from extracellular proteases and apoptotic cells for tolerogenic presentation to autoreactive T cells (7, 8) . Additionally, lymphatic endothelial cells (LECs) themselves can contribute to regional immunity in other ways, including active regulation of fluid drainage (9) , direct modulation of DC trafficking and activation (10, 11) , cellular egress leading to immune resolution (12, 13) , and direct suppression of lymphocyte activation through steady-state presentation of endogenous self antigens (14) or cross-presentation of draining exogenous antigens (7, 15, 16) . Importantly, lymphangiogenesis is seen in a host of inflammatory situations, including melanoma and other cancers (1, 17) . However, the role of lymphangiogenesis in inflammation and immunity remains unclear. The abundant clinical and experimental evidence correlating lymphangiogenesis with tumor progression contrasts with reports that lymphangiogenesis in tissue transplantation can promote graft rejection (18) , and further confounding the issue are reports suggesting that lymphangiogenesis promotes immune resolution in chronic inflammation (12, 13) . Therefore, it is likely that lymphatic vessels may serve multiple and complex roles in both the induction and resolution of local immune responses in acute versus chronic inflammation (19) .
Inflammation and immunity can play important roles in the initiation, promotion, and metastatic progression of many types of solid tumors. Tumors establish mechanisms to counteract host immunity, and it is the balance between pro-and antitumor inflammatory mediators that likely dictates tumor progression (20, 21) . While different types of inflammation can either proLymphatic remodeling in tumor microenvironments correlates with progression and metastasis, and local lymphatic vessels play complex and poorly understood roles in tumor immunity. Tumor lymphangiogenesis is associated with increased immune suppression, yet lymphatic vessels are required for fluid drainage and immune cell trafficking to lymph nodes, where adaptive immune responses are mounted. Here, we examined the contribution of lymphatic drainage to tumor inflammation and immunity using a mouse model that lacks dermal lymphatic vessels (K14-VEGFR3-Ig mice). Melanomas implanted in these mice grew robustly, but exhibited drastically reduced cytokine expression and leukocyte infiltration compared with those implanted in control animals. In the absence of local immune suppression, transferred cytotoxic T cells more effectively controlled tumors in K14-VEGFR3-Ig mice than in control mice. Furthermore, gene expression analysis of human melanoma samples revealed that patient immune parameters are markedly stratified by levels of lymphatic markers. This work suggests that the establishment of tumor-associated inflammation and immunity critically depends on lymphatic vessel remodeling and drainage. Moreover, these results have implications for immunotherapies, the efficacies of which are regulated by the tumor immune microenvironment.
Lymphatic vessels regulate immune microenvironments in human and murine melanoma subsequent antitumor immune response. Rather than passive conduits for tumor metastasis, lymphatic vessels are likely context-dependent regulators of local inflammation and immunity.
We recently reported that in a model of murine melanoma, lymphangiogenesis resulted in impaired adaptive immune responses through direct suppression of CD8 + T cells (16) . On the other hand, as stated above, lymphatic vessels communicate information and transport immune cells, antigens, and signals from the periphery to the dLN, implying that lymphatic vessels must be required for initiating an immune response against a growing tumor. In this work, we explore the relationship between local lymphatic vessels and immune infiltration in melanoma. In human metastatic melanoma, we found strong correlations between the expression levels of lymphatic genes (PDPN, LYVE1, and VEGFC) and inflammatory cell markers and cytokines. In murine melanoma, we asked whether tumors developing in the absence of local mote or suppress tumor progression in different cancers (21) , successful immunotherapy directs productive immune-mediated tumor killing and regression (21) (22) (23) . Current clinical trials testing checkpoint blockade strategies (e.g., anti-CTLA-4 and anti-PD-1) in metastatic melanoma are demonstrating improved survival in a subset of patients (24, 25) . Interestingly, those patients that respond to such strategies appear to stratify by the preexistence of immune cell infiltration (26) (27) (28) , particularly CD8 + T cells. The finding that some patients lack tumorinfiltrating lymphocytes and consequently demonstrate poor response to immunotherapy (28, 29) indicates that endogenous mechanisms regulating immune induction in the tumor may be responsible for therapeutic resistance (4) . While lymphatic vessels and their associated drainage function facilitates communication between tumors and the adaptive immune response, very little is known about how their remodeling may influence the . Box plots are 5-95 percentile with outliers. One-way ANOVA followed by Tukey's multiple comparisons test was used to determine significance on n = 266. **P < 0.01, ***P < 0.005. jci.org Volume 126 Number 9 September 2016 expression levels of lymphatic genes with genes associated with immune infiltration. Of note, in the tumor microenvironment, none of the most common LEC markers -podoplanin (PDPN), LYVE1, and PROX1 -are completely specific to LECs; for example, some tumor-associated macrophages can express LYVE1 (31) , and stromal fibroblasts may express PDPN (32) . Furthermore, we found that human metastatic melanoma can substantially express PROX1 (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI79434DS1). Therefore, we first examined which of these LEC genes correlated most strongly with the lymphatic growth factor VEGFC. Interestingly, we found strong correlations among the gene expression levels of PDPN, LYVE1, and VEGFC, but no correlation between any of these and PROX1, VEGFD, VEGFA, or VEGFB (Supplemental Figure 1B) . We therefore defined a lymphatic score (LS) to represent the relative expression levels of PDPN, LYVE1, and VEGFC in each sample (see Methods) and further segregated samples into 3 groups representing low (LS lo ), intermediate (LS   mid   ) , and high (LS hi ) degrees of lymphatic vessel involvement such that 50% of the patients were lymphatic vessels, and therefore without communication with the dLN, can acquire an inflammatory microenvironment that is typically seen otherwise. We found that in mice lacking dermal lymphatic capillaries, intradermally implanted B16 melanomas were substantially less infiltrated by immune cells, contained markedly reduced levels of inflammatory cytokines, and failed to induce cellular adaptive immune responses. Given the importance of endogenous immune recognition for successful immunotherapy, lymphatic vessels may provide an intriguing control point for regulating antitumor immunity and response to therapy.
Results
In human metastatic cutaneous melanoma, lymphatic gene expression correlates with immune parameters. Lymphatic vessel density is associated with melanoma stage and locoregional metastasis (1), but it is unknown how it correlates with tumor immune infiltration. First, we categorized 266 human metastatic cutaneous melanoma samples (The Cancer Genome Atlas, TCGA) (30) to determine whether correlations could be found between the Dermal lymphatic vessels are required for LN responses to intradermally implanted murine melanoma. Given the positive correlation between LS and immune cell markers in human metastatic melanoma, we wanted to experimentally probe the role of lymphatic vessels in the generation of inflammatory and immune responses against melanoma. We implanted B16F10 melanomas into the dermis of transgenic K14-VEGFR3-Ig mice (referred to in the figures as Tg mice); these mice lack dermal lymphatic vessels due to the expression of a soluble VEGFR3-Ig under the control of the epithelial keratin 14 (K14) promoter, which effectively 'traps' VEGFR3 ligands (VEGF-C and VEGF-D) to prevent local VEGFR3 signaling (33) . Histological analysis of tumor tissue demonstrated maintenance of the lymphatic-free phenotype in melanomas in LS mid (within 2/3 of the SD around the mean) and 25% were above and below (Supplemental Figure 2A) . This cumulative score correlated very strongly with VEGFC, PDPN, and LYVE1, but again not with VEGA, VEGFB, or VEGFD (Supplemental Figure 2B) .
Using this data set, we correlated LS with immune markers to evaluate the relationship between lymphatic involvement and immune infiltration. We observed strong positive correlations between LS and a variety of immune cell-specific genes including CD45, CD11B, F480, KLRB1, CD3D, CD8A, CD4, and FOXP3 (Figure 1A) . Furthermore, LS hi patients consistently exhibited higher expression of these immune markers than LS mid and LS lo ( Figure  1B) , indicating strong correlations between lymphatic vessel genes and immune infiltrates in human metastatic cutaneous melanoma. (Figure 3 , B-D, and Supplemental Figure 6 ). These differences were due to immune infiltration into the tumor, since no differences were observed in homeostatic cutaneous and splenic immune populations (Supplemental Figure 7 ). Similarly, no differences were found between the systemic leukocyte populations (spleen) in tumor-bearing WT and K14-VEGFR3-Ig mice (Figure 3 , E-G).
Mirroring the decrease in immune cell infiltrates, we found substantial decreases in the most abundant inflammatory cytokines in tumors growing without lymphatic capillaries ( Figure 4A (34) . The lack of dermal lymphatic vessels did not affect tumor growth rates ( Figure 2E ), and did not appear to affect local collagen density (by picrosirius red staining) or fibroblast phenotype (by α-smooth muscle actin (α-SMA) immunohistochemistry) in either normal skin or tumor stroma (Supplemental Figure 4) .
To determine the degree of disrupted communication between the tumor and dLN due to missing dermal lymphatic vessels, we quantified the total amount of fluorescently labeled dextran (70 kDa) in the dLNs (brachial) 30 minutes after injection into tumors at day 9. Not unsurprisingly, we found a roughly 5-fold decrease in the amount of dextran contained in the dLNs of K14-VEGFR3-Ig mice compared with WT mice ( Figure 2F ). The axillary LNs of WT mice also contained dextran but to a much lesser extent compared with the brachial, and we found no evidence of dextran in any other LNs including the inguinal (data not shown). We also quantified DC trafficking following intratumoral injection of FITC-labeled latex beads (0.5 μm), which are too large to flow into lymphatic vessels and instead must be taken up by DCs in the tumor before being transported to the dLN (35) . As expected, DC trafficking was drastically reduced in K14-VEG-FR3-Ig mice ( Figure 2 , G and H), whose LNs had demonstrated lower total cellularity, but a significantly higher percentage of CD3ε + T cells before tumor implantation than those in WT mice (Supplemental Figure 5 and Figure 2I ).
In WT mice, LNs draining implanted B16 melanomas were enlarged compared with nondraining LNs, with increased fractions of T cells, reflecting T cell expansion ( Figure 2I ). Given the We confirmed this phenotype in a second model of lymphatic vessel dysfunction (Chy mice, C3H background). Chy mice harbor a heterozygous inactivating mutation in the tyrosine kinase domain of VEGFR3 (36) , causing a decrease in lymphatic transport from skin (37) . Notably, in this model, dermal lymphatic vessels have been shown to be mostly absent in extremities (i.e., forelimb and ear skin), while trunk skin contains sparse residual lymphatic capillaries able to support cellular egress from tissue (6) . We therefore implanted syngeneic C3HBA breast carcinoma cells into ear dermis of Chy mice and WT littermates. Tumors demonstrated enhanced growth in Chy mice (data not shown) and surprisingly, demonstrated some LYVE1 + structures surrounding tumors, although at a significantly lower density than tumors in WT littermates (Supplemental Figure 9 ). This decrease in lymphatic vessels corresponded to decreased CD45 + leukocytic infiltration and a notable lack of CD3ε + T cells in and around the tumor (Supplemental Figure 9) . Although the differences in leukocytic infiltration in tumors growing in Chy mice were not as pronounced as those in tumors in K14-VEGFR3-Ig mice, this result is consistent with the decrease in lymphatic density being less pronounced as well.
Given the presence of soluble VEGFR3 within the adult K14-VEGFR3-Ig mice, we sought to verify that our results were due to absence of a lymphatic vasculature rather than inhibition of local VEGFR3 signaling during tumor development. To test this, we implanted tumors into WT C57BL/6 mice and administered a VEGFR3-blocking antibody at the time of tumor implantation and every 3 days thereafter (Supplemental Figure 10A) . The inhibition of VEGFR3 signaling during tumor growth did not significantly alter fluid drainage out of tumors to dLNs (Supplemental Figure  10B ), indicating that preexisting lymphatic vessels were functional in maintaining communication with the dLN. Additionally, no differences were observed within leukocyte populations in either the tumors (Supplemental Figure 10 , C and D) or spleens (Supplemental Figure 10 , E and F).
Decreased metastatic dissemination in K14-VEGFR3-Ig mice. Following sacrifice at later time points, we quantified the incidence of spontaneous lung metastases. In WT mice, 10 of 16 implanted tumors metastasized and colonized lungs, while only 2 of 15 tumors implanted in K14-VEGFR3-Ig mice successfully colonized the lung ( Figure 5, A and B) . To rule out the possibility that circulating tumor cells in transgenic mice had decreased potential to extravasate into and colonize lung tissue, we injected tumor cells intravenously and found no differences in either incidence of lung colonization or percentage of lung area covered by metastatic tumor cells between WT and transgenic mice ( Figure 5, C-E) . Considering that the lym- phatic vasculature in the lung is intact in K14-VEGFR3-Ig mice, we also analyzed macrophage infiltration into these metastatic lung nodules and found no differences in macrophage infiltration compared with WT mice (Figure 5 , F and G). Dermal vaccination does not control primary tumor growth in the absence of lymphatic vessels. We previously reported evidence that ovalbumin-expressing (OVA-expressing) B16F10 (B16F10.OVA) tumors respond to prophylactic vaccination against OVA (16) , where intradermal vaccination resulted in potent activation of immune cells within the dLN, and activated CD8 + T cells homed to tumors and controlled primary tumor growth. We applied this model vaccine to our K14-VEGFR3-Ig mice to determine whether immune activation would be delayed in these animals. Ten days before tumor implantation, naive mice were vaccinated against OVA (10 μg) with LPS (10 μg) intradermally in forelimbs. Subsequently, a vaccine boost was given 5 days after implantation and tumor growth was monitored for 1 week ( Figure 6A ). Interestingly, while vaccination controlled tumor growth in WT mice, it had no effect on tumors in K14-VEGFR3-Ig mice ( Figure 6B VEGFR3-Ig mice over controls ( Figure 7G ). This corresponded with an increase in tumor-infiltrating antigen-specific CD8 + T cells ( Figure 7H ). To test CD8 + T cell functionality within tumor microenvironments, we performed an in vivo brefeldin A assay for intracellular staining of IFN-γ. Enhanced IFN-γ production was observed in T cells infiltrating tumors lacking a lymphatic compartment ( Figure 7I ).
Discussion
Melanoma is a particularly attractive target for immunotherapy given its inherent immunogenicity and high frequency of infiltrating intratumoral lymphocytes in a major subset of patients (38, 39) . Furthermore, several immunotherapeutic strategies to treat metastatic melanoma appear to be dependent upon preexistence of an immune infiltrate (26, 27, 40) . It remains unclear, however, what determines the propensity of an individual patient to generate an endogenous response against their tumor. In this study, we examined the role that lymphatic vasculature plays in generation of endogenous inflammatory and adaptive immune responses within and against a developing malignancy. Using a cohort of 266 cutaneous metastatic melanoma patients, we established an LS based on expression of the lymphatic vessel markers PDPN and LYVE1. These markers significantly correlated with each other as well as with VEGFC. Interestingly, LS did not correlate with othmice ( Figure 6 , G and H). These findings are consistent with our previous findings that K14-VEGFR3-Ig mice respond in a delayed manner to vaccination (8) .
Tumors established in the absence of lymphatic vessels are more vulnerable to transferred T cells. Although K14-VEGFR3-Ig mice were unable to induce a potent adaptive T cell response against B16F10.OVA tumors expressing a model antigen, the absence of tumor-infiltrating Treg cells and inflammatory monocytes indicates a more permissive microenvironment for effector T cell function. We activated antigen-specific CD8 + T cells (OT-I) ex vivo with SIINFEKL-loaded splenic DCs and IL-2 (10 U/ ml) for 4 days. Five days after implantation, 10 6 activated CD8 + T cells were transferred intravenously and tumor growth was monitored for 9 days ( Figure 7A ). As expected, transferred, activated CD8 + T cells significantly controlled growth of B16F10. OVA cells in WT mice ( Figure 7B ). Interestingly, regression of B16F10.OVA growth in K14-VEGFR3-Ig mice was significantly increased when compared with littermates, with respect to both level of regression and time to onset (Figure 7 , B and C). Total circulating CD45 + leukocytes ( Figure 7D ), antigen-specific T cells (Figure 7E ), or functional IFN-γ production by CD8 + T cells in spleen following restimulation ( Figure 7F ) were equal in both strains. Within tumor microenvironments, however, a significant infiltration of CD45 + cells was observed in K14- While our results demonstrate that induction of local inflammation requires functional lymphatic drainage, systemic leukocyte populations and accumulation of Treg cells and inflammatory monocytes were similar in both strains. Inflammatory monocytes expanded in the spleens of both K14-VEGFR3-Ig and WT mice but did not infiltrate the tumor microenvironment. Consistently, splenic inflammatory monocyte populations have been reported to be a marker of tumor progression, yet are not predictive of infiltration and function within tumor microenvironments (41, 42) . As such, our data indicate a separation of locoregional inflammation and systemic responses. Our work interestingly may support the concepts that targeting a sentinel LN is a viable option for optimal induction of local immunity (43) and local biomarker validation in tumor microenvironments may provide enhanced value over those found in blood.
In addition to lymphatic vessels, certain types of macrophages can express VEGFR3 and consequently their signaling may be affected in this model. On the other hand, VEGFR3 expression was previously not observed on cutaneous macrophages in either untreated, DMBA-TPA-treated skin, or squamous cell carcinomas (34) . We provide specific experimental evidence, however, to demonstrate that active VEGFR3 signaling during tumor development does not mimic the observations found in mice completely lacking dermal lymphatic vessels. Importantly, this experiment also makes the distinction between lymphangiogenic or hyperplastic lymphatic networks and functionality of an existing network. Administration of an anti-VEGFR3 antibody importantly inhibits lymphangiogenic responses and other VEGFR3-mediated biology (macrophage and angiogenesis), but does not affect the existing vasculature. Using this model, we observed no significant change in any cell population, including macrophages, as a result of this VEGFR3 inhibition and furthermore, immunohistochemical analysis of lung nodules following intravenous tumor cell administration revealed equivalent amounts of macrophage infiltration within the same genetic background. Consequently, impairment of immune infiltration was restricted to regions of high transgene expression that lack lymphatic vessels, and was not a result of decreased signaling during tumor development.
Angiogenic blood vessels regulate lymphocyte entry into tissues through upregulation of adhesion molecules in response to local inflammation (44) and may utilize VEGFR3 during angiogenic sprouting (45) . This raises the possibility that subtle changes in vascular endothelium may contribute to the observed decrease in immune cell infiltration observed in transgenic mice rather than a direct effect of impaired lymphatic drainage. The density of CD31 + structures in B16F10 tumors was similar in WT and transgenic mice, though we did observe a decrease in the percentage area stained with our CD31 marker. However, it is difficult to separate vasculature changes that may result from soluble VEG-FR3 and those that would result from altered local inflammation, which is clearly altered in our model. Conversely, altered tumor vasculature and resulting hypoxia may also influence inflammation and progression, highlighting the complex interactions that are at play within tumor microenvironments. However, in healthy skin, K14-VEGFR3-Ig animals demonstrated robust T cell infiltration following dermal challenge in a contact hypersensitivity assay (8) . Similarly, we observed increased immune cell infiltraer VEGFs, indicating specificity to the VEGF-C/VEGFR3 signaling axis. Patients who scored high for LS consistently had higher expression of immune and inflammatory markers, whereas those who scored low presented with decreased expression. To the best of our knowledge, this study provides the first human data that indicates that expression of lymphatic vessel markers may be predictive of immune microenvironments in metastatic melanoma.
To model the role of lymphatic vessels in the induction of tumor inflammation and immunity, we used K14-VEGFR3-Ig mice in which transgenic expression of the VEGFR3-Ig fusion protein under control of the K14 promoter effectively inhibits dermal lymphatic vessel formation (33) . This phenotype persists in skin throughout adulthood, while systemic lymphatic networks, though aberrant early, are restored over time (i.e., heart, diaphragm) (33) . A decrease in tumor incidence and delayed onset in response to chemical carcinogenesis was recently reported in that model when compared with controls (34), which was notably in a different background than ours (FVB vs. C57BL/6). Initiated tumors, however, progressed normally in transgenic mice with no difference in tumor growth observed, and decreased rates of initiation correlated with decreased local immune populations in skin of transgenic mice. Importantly, the authors observed decreased homeostatic myeloid populations in skin as well as changes in immune infiltrate in and around developing tumors and suggested that impaired local inflammation contributes to impaired initiation. Here, in the C57BL/6 background, we did not observe differences in steady-state cutaneous immune populations in transgenic mice and suggest that in this background the absence of dermal lymphatic vessels impaired local inflammation in response to tumor implantation. Lymphoid populations were, however, altered at homeostasis, likely due to disrupted immune architecture and reduced cellularity already reported in these mice (8) .
Lymphatic vessels and their associated fluid drainage thereby play a critical role in initiating host responses to a developing tumor, and while completely absent in dermis of our experimental model, it is reasonable to imagine that significant remodeling of local lymphatic vessels, which will functionally perturb and alter fluid flow rates, may similarly influence inflammation and host antitumor immunity. Consistent with this, a 60% reduction of lymphatic vessels in Chy mice resulted in a more modest 40% reduction in CD45 + infiltrate. The direct mechanism by which lymphatic vessels and their associated transport of fluid and cells impact local inflammation remains an interesting question. The current paradigm suggests that chemokines and cytokines released by tumor cells induce immune infiltration, sequentially leading to production of inflammatory mediators, tumor cell killing, activation of DC homing to LNs, and induction of adaptive immunity. Our data may indicate that in the absence of important feed-forward mechanisms leading to adaptive immunity, the growing tumor fails to facilitate the accumulation of inflammatory mediators over time, and thus the reduced levels noted in our study. These observations are consistent with a role for lymphatic vessels in immune resolution where cell egress mediates resolution of inflammation in skin models (12) , but indicates that with limited lymphatic drainage, in the context of a growing tumor, inflammation is not initiated and therefore resolution responses are not required. jci.org Volume 126 Number 9 September 2016 cination when compared with WT littermates (8) . T cell kinetics were delayed, however, with activation primarily occurring in the spleens rather than dLNs. This is consistent with T cell responses observed in plt (Ccl119 -/-Ccl21a -/-) mice (51), a model of impaired DC trafficking from skin due to a deficiency of homing CCR7 ligands, and Ccr7 -/-mice (52). Again, in plt mice, spleens appear to be the main site of activation, as splenectomized mice fail to mount T cell responses to immunization (51) . In our model, we did not observe significant levels of circulating antigen-specific T cells at time of sacrifice, indicating that at least during the experiment we did not generate sufficient adaptive immune responses against implanted, cutaneous tumors. Our observation of decreased fluid drainage and cellular egress to dLNs in K14-VEGFR3-Ig mice supports the model that antitumor CD8 + T cells are primed in the dLN rather than systemically or within tumor microenvironments. While soluble protein and adjuvants might gain access to circulation, implanted tumor cells and associated debris would be restricted to cutaneous tissue and drained either actively or passively to the dLN. As a consequence, adaptive immunity against tumors may be impaired in the absence of lymphatic vessel communication with dLNs. These results corroborate recent work in another model of lymphatic dysfunction in which the Kaposi's sarcoma-associated herpesvirus latent-cycle gene, k-cyclin, is expressed under the control of the VEGFR-3 promoter (53). In these mice, antigen presentation in dLNs was impaired and CD8 + T cells demonstrated suppressed cytotoxicity (54) . This highlights the important role of dLNs in antitumor immunity (22, 43) .
Potent adaptive immunity drives compensatory regulatory mechanisms in tissue that impair therapeutic efficacy (40) . In the absence of induced adaptive immunity we asked whether mechanisms of immune suppression typically associated with this tumor model were also affected. While we were able to detect inflammatory monocytes and Treg cells in spleen, 2 cell types associated with CD8 + T cell suppression, they were completely absent from tumor microenvironments in K14-VEGFR3-Ig mice. As a result, adoptive T cell transfer therapy, which is already quite effective in our model, was more efficacious in tumor microenvironments lacking dermal lymphatic vessels. Importantly, we demonstrate enhanced functionality of effector T cells within tumor microenvironments. In this study, we modeled impaired inflammation and immunity in the absence of dermal lymphatic vessels, thus mimicking patient subsets without detectable systemic immunity. However, patients can also present with detectable peripheral immune responses but still exhibit impaired lymphocyte infiltration within the tumor microenvironment (55) . Consequently, additional mechanisms are at play in the clinical setting that limit local antitumor immunity including, for example, impairment of lymphocyte homing due to changes in the tumor-associated vasculature (44) as well as local dysfunction and exhaustion of infiltrating lymphocytes (56) . Furthermore, the observation of both inflamed and noninflamed lesions within a single patient, with a single systemic immune response (55) , supports the hypothesis that the distinct tumor microenvironments of each lesion as well as tumor cell heterogeneity (29) may act as local regulators of lymphocyte homing, retention, and function. Regional differences in lymphatic vessel function, for example preexisting lymphatic vessel dysfunction and decreased lymphatic vessel density tion following intravenous transfer of effector CD8 + T cells, both of total CD45 + cells and antigen-specific CD8 + T cells, indicating that tumor-associated endothelium is permissive of infiltration.
In addition, previous reports have described dermal thickening in transgenic mice (34) , which, if fibrotic, may influence immune cell infiltration and function. Other architectural changes within skin present in the K14-VEGFR3-Ig mice may also influence immune infiltration in the tumor context or metastasis. Subcutaneous lipid deposition is not elevated in K14-VEGFR3-Ig mice, unlike the Chy mutant mice (37) . Chy mice, but not K14-VEGFR3-Ig mice, exhibit increased dermal collagen content, and K14-VEGFR3-Ig mice demonstrate enhanced hydraulic conductivity as compared with WT littermates (37) . Consistent with this, no difference between collagen content or α-SMA was detected in skin of transgenic mice, either at steady state or in association with an implanted tumor. In the context of both of these tissue microenvironments, however, we observed reduced leukocytic infiltration into intradermal tumors. Interestingly, in Chy mice we only observed a 60% reduction in lymphatic vessel density in the ear and yet this was sufficient to alter the local infiltrate. These data are consistent with the human data in which the extent of lymphatic vessel gene expression was predictive of local infiltration.
Interestingly, systemic metastasis was reduced in K14-VEGFR3-Ig mice compared with WT mice. This was not a result of an impaired microenvironment within the lung itself, as intravenously administered tumor cells were able to effectively colonize lungs in both strains. In our case, LN metastasis may be a route of systemic dissemination, as tumor cells move through collecting lymphatic vessels remaining in subcutaneous tissue (37) and eventually re-enter circulation via the thoracic duct (17) . While direct evidence for lymphatic vessel-mediated systemic spread is lacking and the efficacy of sentinel LN resection as a means of preventing metastatic spread is controversial (46, 47) , these data indicate that lymphatic vessels contribute to a more metastatic phenotype within primary tumor microenvironments. In fact, impaired local inflammation that results from loss of lymphatic vessels may itself alter metastatic phenotype, as immune cells play an important role in directing tumor cell exit via hematogenous vasculature through secretion of matrix metalloproteinases, growth factors, and chemokines (48) . In PyMT mice with a recessive null mutation in the Csf1 gene, macrophage recruitment was impaired, leading to delayed progression to malignancy and lung metastasis (49) . Furthermore, macrophages are often found tethered to blood vessels where they facilitate the exit of metastatic tumor cells (50) . We observed reduction in both inflammatory cells, including macrophages, as well as their soluble mediators, suggesting that mechanisms of metastasis would be impaired in our model. Whether the change in metastatic potential observed in K14-VEGFR3-Ig mice results from the lack of direct lymphatic access to circulation or the altered immune microenvironment within tumors and sentinel LNs remains difficult to uncouple.
In our OVA vaccination model, effective CD8 + T cell immunity was not induced against tumors following intradermal administration of vaccine. In healthy K14-VEGFR3-Ig mice, systemic T cell responses to dermal vaccination were robust as measured by IFN-γ production by CD8 + T cells in spleens 21 days after vac-jci.org Volume 126 Number 9 September 2016 maintained in house. WT C57Bl/6 mice were purchased from Harlan Laboratories. Animals were housed in pathogen-free facilities. B16F10 (ATCC), B16F10.OVA (gift of Bertrand Huard, University of Geneva, Geneva, Switzerland) and C3HBA (NCI-Frederick Cancer DCT Tumor Repository) cells were grown at 37°C in 5% CO 2 in Dulbecco's Modified Eagle's Medium (DMEM, Sigma-Aldrich), supplemented with nonessential amino acids and 10% fetal bovine serum, 100 U/ ml penicillin, 100 μg/ml streptomycin, and 400 μM L-glutamine (all from Lonza). Cells were detached with trypsin-EDTA (Sigma-Aldrich) and passaged every 3 days. B16F10 cells (0.5 × 10 6 ) in 50-100 μl saline were inoculated intradermally and dorsolaterally. Tumor growth was measured daily using calipers. For intradermal ear injections, animals were anesthetized with 1% isoflurane in combination with O 2 and N 2 and 20 μl of cell slurry was injected into the dermis of the ear. In some mice, 500 μg anti-VEGFR-3 neutralizing antibody (mF4-31C1, Eli Lilly and Company) was administered on days 0, 3, and 6 after tumor inoculation. For metastasis experiments, B16F10 cells (5 × 10 5 ) were introduced via tail vein injection and animals were sacrificed 14 days later. In some cases, 6 hours prior to sacrifice, mice were given 250 μg brefeldin A i.p. in preparation for intracellular cytokine staining.
Quantification of metastasis. For the quantification of metastatic melanomas, lungs isolated from mice after s.c. or i.v. injection of B16F10 melanoma cells were paraffin embedded and microsectioned at 3 different planes (~350 μm apart) and stained with hematoxylin and eosin. Histological slides (3 per mouse) were then inspected blindly for metastatic melanomas. The quantification of tumors in each image is relative to the total tissue area and is presented as a percentage: tumor-to-lung ratio = tumor area / total lung area × 100. Immunohistochemistry. Tumor samples were fixed in 4% paraformaldehyde, paraffin-embedded, and cut into 4-μm sections. For immuno labeling, paraffin-embedded tissue sections were deparaffinized and rehydrated before antigen retrieval at 98°C for 1 hour in 0.01 M citrate buffer (pH 6.0). Antigen retrieval for F4/80 staining was performed with Proteinase K (Dako) treatment according to the manufacturer's instructions. After blocking with diluted serum from the secondary antibody host for 30 minutes, the slides were incubated overnight (4°C) with the primary antibody. Endogenous peroxidase activity was in regions of chronic sun exposure and severe solar elastosis (57), may be one mechanism distinguishing inflamed and noninflamed lesions. The specific role of lymphatic vessels and their associated drainage in regulating regional differences in cutaneous immune responses remains an open and exciting question.
Our understanding of the role of lymphatic vessels in the induction and resolution of an antitumor immune response is clearly still in its infancy. While we recently demonstrated an immunosuppressive role for lymphatic vessels in murine melanoma (16) , with these current data we also suggest that lymphatic function contributes to local inflammation and induction of antitumor adaptive immune responses. While patients do not present with a complete absence of dermal lymphatic vessels, our transcriptional analysis of human tumors along with the wealth of histological lymphatic vessel density analyses indicates a spectrum of lymphatic vessel involvement, which may correlate with the heterogeneity in immune infiltrate also observed clinically. As a consequence, we propose that the contribution of the lymphatic vasculature and its functional drainage to local immunity may be both a prognostic and targetable feature of tumor microenvironments.
Methods
TCGA analysis and LS. Level 4 gene expression data were downloaded for metastatic skin cutaneous melanoma from TCGA, which were processed by the Broad Institute's TCGA workgroup (release date 20130523), with no further selection. Of the 266 samples, 212 were from regional sites (160 from LNs and 52 from skin or other soft tissue) and 35 were from distant sites (30). The RNA-Seq level 4 gene expression data contain upper quartile-normalized and log2-transformed RSEM (RNA-Seq by expectation maximization) values summarized at the gene level (58) . The tumor staging had been performed by the TCGA consortium and every patient used in the study had metastatic disease at the time of biopsy (stage II-IV). All available metastatic cutaneous melanoma samples were analyzed and segregated into 3 groups representing low, mid, and high degrees of lymphatic involvement within the tumor according to their LS (29) . To determine LS for each sample, expression levels of the 2 lymphatic markers PDPN and LYVE1, which correlated strongly with each other as well as with the expression levels of VEGFC, were first each normalized to their mean expression levels by subtracting the average value and dividing by the SD, such that the average value of the normalized data was zero and the SD was 1. Then, the average normalized values of PDPN, LYVE1, and VEGFC were added together to form the LS. In this way, the average LS score was zero, and negative values represented below-average lymphatic involvement. Finally, we grouped the patients into LS Mice and tumor transplantation. K14-VEGFR3-Ig male mice described elsewhere (33) were maintained on a C57Bl/6 background and crossbred with WT C57Bl/6 female mice. Ten-to twelve-week-old K14-VEGFR3-Ig mice and WT littermates of both sexes were used in all experiments. Chy mice, described previously (36) , were obtained from MRC-Harwell distributing mice on behalf of the European Mouse Mutant Archive (C3H101H-Flt4<Chy>/H mice, repository number EM:00068), and were maintained on a C3H background. TCR-Tg OT-I mice were purchased from Harlan Laboratories and jci.org Volume 126 Number 9 September 2016 VEGF (1:500, catalog ab46154, Abcam), goat anti-MCSF (1:500, catalog af416-sp, Novus Biologicals), rabbit anti-TGF-β (1:500, catalog AB-100NA, R&D Systems) and rabbit anti-β actin (1:500, catalog ab8227, Abcam). The relative levels of 22 different cytokines and chemokines in tumor lysates were evaluated using a Mouse Cytokine Antibody Array Kit (ab133993, Abcam) according to the manufacturer's protocol. Immunoblot images were captured and visualized using the LAS-3000 imaging system and spot intensity was analyzed using ImageJ Statistics. Unless stated differently, statistical significance was analyzed by unpaired, 2-tailed Student's t test using Prism software (GraphPad Inc.); P < 0.05 was considered to be statistically significant. Mann-Whitney U tests were performed on in vivo data unless the data were confirmed to fulfill the criteria of normal distribution and equal variance, after which t tests and ANOVA were performed. Regression analysis was performed to compare slopes of tumor growth curves (GraphPad Inc.). blocked for 20 minutes with 3% hydrogen peroxide (Sigma-Aldrich) and a biotinylated anti-rat, anti-rabbit, anti-hamster, or anti-goat secondary antibody (Vector Laboratories) was applied for 45 minutes. The antigen-antibody complex reaction was augmented with avidin-biotin-peroxidase for 45 minutes according to the manufacturer's instructions (Vectastain ABC Kit, Vector) and stained for 1-10 minutes with diaminobenzidine tetrahydrochloride (DAB, Vector). The sections were then counterstained with hematoxylin (Thermo Scientific), dehydrated, and mounted with Entellan (Electron Microscopy Services). Primary antibodies used were: rabbit anti-LYVE1 (1:100, catalog ab14917, Abcam), rabbit anti-CD11b (1:200, catalog ab75476, Abcam), rat anti-F4/80 (1:50, catalog ab6640-200, Abcam), rat anti-MHCII (I-A/I-E) (1:100, catalog 11-5322-82, eBioscience), hamster anti-CD3e (1:100, catalog 550277, Abcam), rabbit anti-alpha SMA (1:100, catalog ab5694, Abcam), goat anti-CD31 (1:100, catalog sc1506, Santa Cruz Biotechnology), and rat anti-CD45 (1:250, clone 30-F11, BD Pharmingen).
Immunohistochemical staining of human tissue. Human tissue was obtained by surgical excision from a patient with primary melanoma, and used for research upon informed consent at the Ludwig Institute for Cancer Research (Canton of Vaud University Hospital) as a part of a phase I vaccination trial (LUD 00-018 study, ClinicalTrials.gov Identifier NCT00112229). The tissue was formalin fixed and paraffin embedded and 4-μm sections were prepared. Antigen retrieval for melan-A and PROX-1 staining was performed with Tris-EDTA (pH 9) for 15 minutes. Primary antibodies used were: mouse anti-human melan-A (1:50, clone A103, Dako) and mouse anti-human PROX1 (1:100, catalog AF2727-SP, R&D Systems). Alexa Fluor-labeled secondary antibodies were incubated for 1 hour at room temperature (1:400, Invitrogen). Sections were counterstained with DAPI (Lucerna Chem AG) and coverslipped with fluorescence mounting medium (S3023, DAKO).
Picrosirius red staining. Paraffin-embedded sections were deparaffinized and hydrated in xylene and ethanol. The slides were then stained with picrosirius red solution composed of picric acid and Direct Red 80 (both Sigma-Aldrich) according to the manufacturer's instructions and dehydrated in ethanol and xylene. Sections were washed in 2 changes of acidified water after picrosirius red staining.
Western blot and cytokine array. Tumor tissues were homogenized and lysed in a custom-made total protein lysis buffer (50 mM Tris HCl, pH 7.5, 150 mM NaCl, 0.1% SDS, 1% deoxycholate, 1% Triton X-100) containing protease and phosphatase inhibitors (Roche). Protein concentration was measured using a bicinchoninic acid (BCA) assay (Pierce) and 30 μg protein was loaded per lane for all immunoblots. The protein lysates were resolved using NuPAGE Novex 4%-12% Bis-Tris Gels (Invitrogen). Protein transfer was assessed by Ponceau S solution (Sigma-Aldrich), and then membranes were blocked with 5% fat-free dry milk for 1 hour. Immobilized antibody was detected using the horseradish peroxidase-conjugated secondary antibodies and SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific). The immune reaction was visualized with an LAS-3000 imaging system (FujiFilm). Primary antibodies used were: rat anti-GM-CSF (1:500, catalog ab13789-100, Abcam), rabbit anti-MCP-1 (1:2,000; catalog NB110-2000; Novus Biologicals), rabbit anti-IFN-γ (1:500, catalog AAM29, AbD Serotec), rabbit anti-TNF-α (1:100, catalog ACC-250844, BioSite), rabbit anti-NOS2 (1:1,000; catalog 2982S; Cell Signaling Technology), goat anti-IL-1β (1:500, AF-401-NA, R&D Systems), rat anti-IL-10 (1:500, catalog ab33471, Abcam), rabbit anti-
